Objective: This study was conducted to compare the effects of static culture, dynamic culture, and the combination of dynamic culture with specialized surfaces involving co-culture on human embryonic development. Embryos cultured using conventional static culture (SC) techniques served as a control group. We compared dynamic culture using micro-vibration culture (MVC) and micro-vibration with co-culture (MCoC), in which autologous cumulus cells were used as a specialized surface. Methods: We conducted a chart review of patients who were treated between January 2011 and November 2014 in order to compare embryonic development rates and pregnancy rates among the groups. Zygotes were cultured in micro-droplets, and embryos were subsequently selected for transfer. Some surplus embryos were cryopreserved, and the others were cultured for blastocyst development. A micro-vibrator was set at the frequency of 42 Hz for duration of 5 seconds per 60 minutes to facilitate embryo development. Results: No significant differences among the groups were present in patient's characteristics. However, the clinical pregnancy rates were significantly higher in the MVC group and the MCoC group than in the SC group. No significant differences were found in the blastocyst development rate between the SC group and the MVC group, but the blastocyst development rate in the MCoC group was significantly higher than in the SC and MVC groups.
Introduction
The embryo culture techniques used in assisted reproductive technology (ART) have undergone a continual process of improvement. One common method of improving embryo culture techniques is to develop a medium for embryos in vitro, and many researchers have developed various media with this goal in mind. Several types of culture media have proven compatible with embryo cultures and are commercially available from a broad range of manufacturers. Another common strategy is developing culture platforms. Recent culture platform studies have attempted to overcome the problems and limitations of existing culture systems [1] . For example, modifying the physical environment by altering embryo spacing was shown to maximize autocrine/paracrine effects, secreted factors, and the extent of group culture effects. This culture platform is referred to as the new static culture platform and includes a well-of-the-well system, micro-well culture, sub-micro-drop culture, and GPS dish culture (the GPS dish for embryos is designed to ensure effective observation and safe handling of oocytes and embryos) [2] [3] [4] [5] [6] [7] . The dynamic culture platform aims to provide an environment similar to that of the body during germ cell development in vitro. Before implantation, the oocytes and zygotes within the oviduct and uterus are constantly moving and stimulated by in vivo mechanical forces, such as the beating of the cilia, pulsatile muscle contraction of the uterus and oviduct, and sperm motility [8] [9] [10] [11] . This platform uses various external stimuli to support embryo movement and stimulation, incorporating micro-funnels, tilting, micro-vibration, and shaking machines [12] [13] [14] [15] [16] . Specialized surface platforms have also been used to study embryo cultures. Embryo development was shown to be improved by physiological culture compared with culture on plastic surfaces. Embryos in the reproductive tract are surrounded by a range of polyhydroxylated compounds, macromolecules, and extracellular matrix components [17, 18] . Various polyhydroxylated compounds and functional groups characteristic of macromolecules, such as hydroxyl, amine, and carboxyl groups, can affect embryo metabolism by bonding or adhering to water and nutrient molecules [19] . Therefore, in embryo culture research, many attempts have been made to achieve physiologically realistic surfaces for embryo culture [20] [21] [22] . Three types of advanced culture platforms have been studied. Each culture platform has its own specific advantages, and in our study, we attempted to combine the embryo culture platforms to leverage these advantages. We previously found that the total pregnancy and implantation rates were significantly higher in embryos from poor responders subjected to micro-vibration culture than in embryos subjected to static culture [23] . We also reported that including a cumulus cell monolayer improved embryo quality and the blastocyst development rate [24] . Cumulus cell co-culture has been shown to improve the maturation rate of immature oocytes as well as the blastocyst development rate [25] [26] [27] . Co-culture also enables surface modifications and exposure to the extracellular matrix and other compounds that may influence embryo development, and co-cultures using cumulus cells have therefore been recognized as a type of specialized surface platform [28] . With this in mind, it would be desirable to develop a new embryo culture method based on the long-term accumulation of co-culturing experience and studies of dynamic culture platforms incorporating micro-vibration.
Poor responders tend to be of advanced age and to have a history of previous ovarian surgery or pelvic adhesions, which can contribute to reduced oocyte and embryo quality in comparison to normal responders [29, 30] . Various approaches have been developed to improve the pregnancy rate in poor responders, but a satisfactory solution has not yet been identified [31] . The aim of ART is to culture better-quality embryos that can lead to pregnancy.
The purpose of this study was to improve embryo development and clinical outcomes in poor responders using static and dynamic culture platforms and dynamic culture with a specialized surface. This study is the first to combine dynamic culture (incorporating micro-vibrations) and a specialized surface platform (a cumulus cell monolayer) to improve human embryonic development.
Methods

Study population
This prospective randomized study was performed at Maria Fertility Hospital. A chart review of poor responders from January 2011 to November 2014 was conducted according to the policy of the Maria Fertility Hospital Institutional Review Board (approval number 2015-002).
In our hospital, protocols for poor responders are routinely implemented in order to maximize the number of eggs. Some patients were administered a gonadotropin-releasing hormone (GnRH) agonist on the second or third day of the menstrual cycle for 3 days, followed by a GnRH antagonist to prevent premature ovulation. Some patients were administered only a low dose of the GnRH agonist, whereas others were administered the GnRH agonist during the luteal phase, with discontinuation at the beginning of the menstrual cycle. Additionally, other patients followed a modified natural cycle.
Poor responders were divided into a static culture (SC) group, a micro-vibration culture (MVC) group, and a micro-vibration with co-culture (MCoC) group according to the culture method used. The SC, MVC, and MCoC groups included 857, 804, and 484 cycles, respectively. Group differences in maternal age, number of oocytes, number of embryos, and number of transferred embryos were analysed. Pregnancy was assessed by serum human chorionic gonadotropin (hCG) levels 14 days after progesterone administration. Implantation was confirmed by the presence of a gestational sac.
Embryo culture
Oocyte retrieval was performed through transvaginal ultrasoundguided aspiration after 36 hours of administering 10,000 IU of hCG (IVF-C, LG Life Science, Daejeon, Korea). The retrieved oocytes were washed in fresh medium (Sydney IVF Fertilization Medium-FM, Cook, Brisbane, Australia) and then cultured in the same medium (Sydney IVF Fertilization Medium-FM, Cook) until in vitro fertilization. In vitro fertilization was induced using conventional insemination or intracytoplasmic sperm injection. Fertilization was assessed 15 to 18 hours after insemination based on the presence of two pronuclei. The zygotes were washed and cultured in groups of less than five in a 50-μL micro-droplet (Sydney IVF Cleavage Medium-CM, Cook) for 48 hours. Embryos were subsequently selected for transfer. Some surplus embryos were cultured in a 50-μL micro-droplet (Sydney IVF Blastocyst Medium-BM, Cook) for blastocyst development. All embryo cultures were maintained in a CO2:O2:N2 (6%:5%:89%) environment.
A micro-vibrator (NSSB-300, Nepa Gene, Ichikawa, Japan) was set at a frequency of 42 Hz for a duration of 5 seconds per 60 minutes in order to optimally facilitate human embryonic development in MVC, based on previous reports [24] . Autologous cumulus cells were prepared for MCoC in 5-μL microdroplets in a two-well culture dish (3653, BD Falcon, Durham, NC, USA) under mineral oil (Ovoil, Vitrolife, Kungsbacka, Sweden). Cultures were prepared by seeding single cells, followed by excising them from a clear corona radiata of healthy cumuli and digesting them with hyaluronidase (MRC#Hyase, Biosupply, Seoul, Korea). The cumulus cell-seeded two-well culture dish was washed with fresh medium (Sydney IVF Cleavage Medium-CM, Cook) to remove any unattached cumulus cells [32] . The cumulus cell monolayer dish was washed again with fresh co-culture medium after the assessment of fertilization.
Embryo development
Embryos were selected for transfer on day 3. The number of embryos for transfer was limited to two, although some poor responders received three embryos, depending on their clinical history (e.g., repeated failures or old age). Generally, the cell division rate in poor responders is relatively slow due to poor oocyte quality and quantity. Therefore, based on the report published by Ziebe et al. [33] , the embryos were divided into three grades: A, B, and C, corresponding to cell stages 6-8 ( < 10% fragmentation), 4-5 (fragmentation between 10% and 30%), and < 4 (30% fragmentation), respectively. After transfer, some of the surplus embryos were cultured to assess blastocyst development under the same conditions. Others were cryopreserved at the cleavage stage, and the remaining embryos were discarded. The blastocysts were evaluated on days 5, 6, and 7 according to Gardner's grading methods and cryopreserved or discarded based on their quality [34] .
The clinical pregnancy rates of the frozen-thawed embryos in the SC, MVC, and MCoC groups were also analysed. Based on the pregnancy rates obtained using fresh cycles and frozen-thawed cycles in each group, the cumulative pregnancy rate was also analysed.
Statistical analysis
Embryonic quality as well as development rates and clinical data in poor responders were compared using the chi-square test.
Results
The SC, MVC, and MCoC groups contained 857, 804 and 484 cycles, respectively. No significant differences in age, number of oocytes, oocyte maturity on day 0, zygote number, or embryo transfer number were observed between the groups ( Table 1 ). The numbers of grade A embryos and arrested embryos were similar among the groups on day 3. Consistent with our previous study, the influence of MVC on the cleavage stage of embryo development was found to be small. However, the hormonal and clinical pregnancy rates were significantly higher in the MVC and MCoC groups ( Table 1 ). The lack of significant differences in pregnancy rates between the MVC and MCoC groups indicated that co-culture had no significant effect on the pregnancy rate in poor responders. With the exception of the embryos that were cryopreserved at the cleavage stage, the SC, MVC and MCoC groups contained a surplus of 592, 623, and 373 embryos, respectively. From day 5 until day 7, the number of developed blastocysts in the SC, MVC and MCoC groups totalled 158, 189, and 141, respectively ( Table 2 ). The blastocyst development rate was higher in the MVC group than in the SC group, but this difference was not statistically significant. However, the blastocyst development rate in the MCoC group was significantly higher than in the other groups. The proportion of frozen blastocysts was significantly higher in the MCoC group than in the other groups (Table 2). MVC exhibited a more positive effect on blastocyst development in human embryos compared with the effect obtained with SC, but this difference was not statistically significant. MCoC had a greater positive effect on the blastocyst development rate in human embryos than either SC or MVC.
The clinical pregnancy rates of the frozen-thawed cycles were examined for each group, and the thawing rates of frozen-thawed cycles were found to be similar among the groups (Table 3 ). The cumulative pregnancy rate of the MCoC group exceeded those of the SC and MVC groups. Since the blastocyst freezing rate of the MCoC group was significantly higher than was observed in the SC and MVC groups, differences between the cumulative pregnancy rate and the pregnancy rate of fresh cycles would have been expected to become increasingly larger as the thawing rates increase.
Discussion
Two major pathways of improving embryo culture include performing culture platform studies, in which embryo culture conditions are changed, and developing culture media capable of effectively culturing embryos in vitro. Many types of culture media are commercially available and have been studied extensively. Culture platforms are currently classified as new static, dynamic, and specialized surface platforms. Each type of culture platform offers specific advantages [35] , and the benefits of each type should be combined to gain insight into the physiological environment of embryonic culture in vitro and how to develop improved culture platforms. We created a novel combination of dynamic culture and specialized surface culture platforms to assess the impact of such a combination on human embryonic development.
Due to the better quality of oocytes and embryos in normal responders, human embryonic development and clinical results have been found to be significantly improved by MVC [36] . In poor responders, large doses of stimulant medications, sub-optimal oocyte quantity, poor embryo quality, old age, and defective endometria have been associated with poor prognoses. We have previously reported differences in embryo quality between SC and MVC at the cleavage stage and observed significantly increased pregnancy and implantation rates when human embryos were subjected to MVC [24] . In this study, the quality of the cleavage-stage embryos on day 3 was similar in the SC, MVC, and MCoC groups. The co-culture method did not visibly affect cleavage-stage embryo quality, and the pregnancy and implantation rates were found to be significantly greater in the MVC and MCoC groups. Therefore, a cumulative positive effect on embryo development in poor responders can significantly influence clinical outcomes, and MVC was found to weakly improve the cleavage-stage embryo development rate. Micro-vibration mimics the in vivo mechanical forces in the oviduct fluid. The dynamic environments of these cultures are believed to cause cumulative positive effects on embryonic development by accelerating communication between cells or between cells and embryos through autocrine/paracrine or nutrient contact [37] .
This study identified differences in the blastocyst development rate among the SC, MVC and MCoC groups. This rate was higher in the MVC group than in the SC group, but not to a statistically significant extent. However, the blastocyst development rate was significantly higher in the MCoC group than in the SC and MVC groups. Therefore, MCoC has the effect of increasing the blastocyst development rate to a greater extent than MVC or SC. Specialized surfaces offer intriguing means of improving current in vitro embryo culture techniques. In particular, cumulus cell co-culture may be a valuable tool for identifying interactions between embryos and reproductive tract cells with specific roles in embryonic development [26] . The MVC and co-culture methods are likely to cause synergetic effects on blastocyst de- velopment. Based on the positive results obtained using previously described dynamic culture methods, the cumulus cell co-culture environment provides embryos with a more physiologically realistic surface than plastic dishes. The culture condition used in this study involved a 50-μL micro-droplet of defined media with a partial monolayer of cumulus cells. Since the commercially available medium (Sydney IVF medium) was not designed for cumulus cell co-culture, we considered a partial monolayer of cumulus cells more appropriate than an entire monolayer within a droplet. Too many cumulus cells in a specific medium containing limited nutrients may have a negative effect on embryonic development. Although a partial monolayer of less than 50 cumulus cells with human embryos may not be the most preferable culture environment, it appears to be sufficient to exert a synergetic effect together with micro-vibration stimulation. More research is needed to determine the optimal number of cumulus cells for a specified volume of standard, commercially available medium. The combination of the various secretomes of cumulus cells and embryos, macromolecules on the surface cumulus cells, water-binding macromolecular functional groups, and increased cell-to-embryo communication resulting from media circulation in dynamic culture mimics physiological environments more closely than standard culture conditions. The blastocyst development rate of the MCoC group (37.8%) was nearly equal to that observed in surplus embryos from normal responders (38.0%) over the same period. We cultured the surplus embryos of normal responders using commercially available media (Cook or MRC) without adding micro-vibration stimuli. As the number of cryopreserved embryos increases, the cumulative pregnancy rate also increases. The cumulative pregnancy rate of the MCoC group was higher than was observed in the SC and MVC groups. The synergetic effects of MCoC not only affected the blastocyst development rate, but also contributed to improvements in the cumulative pregnancy rate. Despite the many advantages of dynamic and specialized surface culture techniques, dynamic culture equipment and specialized surface materials have limited applicability in clinical settings. The microfluidic micro-funnel [38] has been evaluated in the most advanced dynamic culture platforms. These methods are structurally complex, and practical products implementing these methods have yet to be introduced. Although they are structurally simple, tilting embryo culture systems [17] are not yet commercially available. Only micro-vibration devices are generally commercially available for clinics. Thus, this system needs to be developed in combination with the closely related dynamic culture equipment available in clinical settings. Specialized surface platform materials have not undergone substantial recent improvement [1, 18] , and currently, cumulus cells are the easiest to use. The development of other types of material to create specialized surfaces is needed. Further research into, for example, various combinations of culture platforms, is needed to create the optimal human embryonic culture system.
